Abstract-The modification of steel by natural materials containing barium and strontium is considered. Thermodynamic modeling of the reduction of barium and strontium by silicon and aluminum is undertaken. The influence of modification by barium and strontium on the structure and mechanical properties of the steel is studied. The results are employed in the production of 25 2C and 13 steel in arc furnaces at the cast ing shop of OAO EVRAZ ZSMK and also in the production of and steel at OAO Yurginskii Mashinostroitel'nyi Zavod by two slag technology. The results of industrial tests indicate that modification with barium and strontium affects the microstructure and nonmetallic inclusions; and increases the margin of structural strength of the steel, estimated in terms of the yield point, strength, and impact strength at positive and negative temperatures. To identify the presence of barium and strontium in the steel, its structure is analyzed by means of extraction replicas on a transmission electron diffraction microscope. The presence of barium and strontium within the grains indicates their reaction with the metallic melt, which affects the structure of the metallic matrix.
The production of steel largely relies on relatively inexpensive alloys and mixtures that may be used to regulate the state of the metal melt and hence improve the performance of the steel produced. The character istics of the materials used in refining and modifica tion must ensure stability, efficiency, profitability, and environmental safety of the technology [1, 2] .
The production of barium and strontium bearing alloys in ferrous metallurgy consumes considerable quantities of energy, materials, and labor. In the smelt ing, casting, granulation, crushing, and packing of such alloys, significant losses of metal occur. These processes pose explosion and fire risks and are pollut ing [3] [4] [5] [6] [7] . Accordingly, the modification of steel with barium and strontium from natural materials is of interest, without the effort of producing special alloys [8, 9] . Barium and strontium are mainly present in natural materials in the form of the compounds BaSO 4 , SrSO 4 , BaCO 3 , and SrCO 3 .
In Russia, in the north eastern Irkutsk region, complex carbonate ores containing calcium, barium, and strontium are mined. These ores consist of SrCa-Ba carbonate (70-80%), potassium feldspar (10%), and pyroxene (10-20%).
The production of BSK 2 barium-strontium modifier (Technical Specifications TU 1717 001 75073896-2005) has begun at OOO NPK Met alltekhnoprom. It is used in the production of steel, iron, and nonferrous alloys and also for the coatings of welding electrodes [10, 11] . This modifier contains 13.0-19.0% BaO, 3.5-7.5% SrO, 17.5-25.5% CaO, 19.8-29.8% SiO 2 , 0.7-1.1% MgO, 2.5-3.5% K 2 O, 1.0-2.0% Na 2 O, 1.5-6.5% Fe 2 O 3 , 0-0.4% MnO, 1.9-3.9% Al 2 O 3 , 0.7-1.1% TiO 2 , and 16.0-20.0% CO 2 .
X ray phase analysis shows that the main com pounds in the barium-strontium modifier are baritecalcite BaCa(CO 3 ) 2 , calcite CaCO 3 , calcite-stron tianite CaSr(CO 3 ) 2 , dolomite MgCO 3 , and siderite FeCO 3 .
We use differential thermal analysis to study the phase and structural transformations in the ore com ponents of barium-strontium modifier on heating. Analysis indicates that, up to 1223 K, the dolomite, calcite, barite-calcite, and calcite-strontianite disso ciate. This means that, at smelting temperatures (1873-1923 K), we need to study the behavior of bar ium and strontium oxides.
Usually, modification is undertaken at the final stage of production: at discharge from the furnace to the ladle; or directly in casting. At different stages of ladle treatment, carbon, silicon, and aluminum may be used as the reducing agents. To determine the con ditions in which barium and strontium may be reduced from their oxides, we employ thermodynamic model ing (Terra software) [12] . reduce barium and strontium from their oxides. Sili con may reduce about 60% of the barium in the oxides, but only 15% of the strontium. When using aluminum, the corresponding figures are 70 and 50%. Within the range 1873-2073 K, the temperature has little influ ence on the degree of reduction (Fig. 1) .
Analysis of the results of thermodynamic modeling indicates that the reduction of barium and strontium from their oxides is more complete when using alumi num [13, 14] . Its effective use requires careful prelim inary reduction of the metal and slag so as to lower the oxidative potential of the metal slag system.
The results of thermodynamic modeling are used in the production of 25Г2С and Г13 steel in arc furnaces at the casting shop of OAO EVRAZ ZSMK. Two slag technology is employed. BSK 2 barium-strontium modifier is employed. It is added at the end of the reduction period together with the reducing mixture (ferrosilicon powder and coke breeze). A quarter of the modifier is introduced in the ladle during discharge. Before discharge, the slag is additionally reduced by means of granulated aluminum. The metal in the ladle is reduced by chunk aluminum (about 1 kg/t) [15] .
The metal is cast in 7.5 t ingots, rolled on a 100 mill, and then converted to rebar 14.
The mechanical properties of the steel are moni tored by the standard method in the central research laboratory at OAO EVRAZ ZSMK. For 25Г2С steel, impact strength tests are conducted at 20, 0, -20, ⎯40, -60, and -70°C. For comparison, four melts of 25Г2С steel produced in a 25 t arc furnace without BSK 2 modifier are subjected to the same tests. For Г13 steel, impact strength tests are conducted at +20 and -60°C.
Treatment of 25Г2С steel with BSK 2 modifier improves the strength and plasticity and especially the impact strength (Table 1) .
Analysis of the results shows that adding BSK 2 modifier in amounts of 4 kg/t to 25Г2С steel improves the impact strength at test temperatures from +20 to ⎯60°C. Increasing the BSK 2 consumption from 4.0-4.7 to 7.7 kg/t further increases the impact strength (by a factor of 2.57-3.02) at test temperatures from -60 to -70°C.
As follows from metallographic analysis, treatment of steel with BSK 2 modifier reduces the index I, char acterizing the steel's content of nonmetallic inclusions, and ensures a high level of globularization G (Fig. 2) . The grain size of the ferrite-pearlite structure is reduced by the elimination of silicon-manganese seg regations.
Several series of melts with modification by bar ium-strontium modifier are conducted in arc fur naces in shop 10 at OOO Yurginskii Mashzavod. Two slag technology is used to produce 35XГСЛ, 30XГСФЛ, and 12НД2ФX steel.
After discharge, a ladle sample of metal is taken in casting, for analysis of the chemical composition, and trial bars are cast for mechanical testing.
The concentration of the elements and nonmetal lic inclusions in cast samples is determined in labora tories at OOO Yurginskii Mashzavod. In addition, the mechanical tests of cast beams are conducted. The mean test results for 35XГСЛ steel show that the struc tural strength-specifically, the yield point, strength, and impact strength at positive and negative tempera tures-is increased by 20-50% after treatment with barium-strontium modifier (Fig. 3) . The production of steel with such properties poses no technological problems.
We study the interaction of slag melts containing barium and strontium compounds with metallic melt in laboratory experiments.
Metallographic analysis shows that treatment with barium and strontium compounds has no great influ ence on the formation of nonmetallic inclusions but modifies the structure.
The sample produced without barium and stron tium compounds in the slag forming mixture has a Widmanstatten structure, which is typical of steels with poor mechanical properties. The structure of samples produced in the presence of barium and strontium consists of plate pearlite with ferrite deposits along the grain boundaries and a few ferrite deposits within the pearlite grains; this is typical of steels with good mechanical properties.
Analysis of the chemical composition does not indicate the presence of barium and strontium in the samples, presumably because of their low content. To detect their presence in the steel, we use a scanning elec tron microscope. It follows from the results ( Table 2) that barium and strontium are not uniformly distrib uted in the metallic matrix. They are more likely within the pearlite and ferrite grains.
To study more precisely the locations of barium and strontium within the steel (in the solid solution or inclusions of secondary phases), we analyze the struc ture by means of extraction replicas on a transmission electron diffraction microscope. We find that the parti cles extracted in the replica are small (50-500 nm). Analysis of the electron microdiffraction patterns shows that, besides iron oxides and carbides, the samples con tain compounds of barium and strontium: (Fig. 4) .
Our research confirms that barium and strontium are actively involved in structure formation at solidifi cation. The presence of barium and strontium within the grain indicates the interaction of these elements with the metal melt and their consequent influence on the structure of the metal matrix. The presence of complex compounds containing barium and stron tium indicates the interaction of these elements with nonmetallic inclusions. The size of the compounds confirms that the barium and strontium compounds interact at the nano level.
CONCLUSIONS
Theoretical and experimental research suggests the following sequence of processes in the modification of steel by materials containing barium and strontium: decomposition of calcium, barium, and strontium carbonates; melting of the barium-strontium modi fier and reduction of barium from its oxide by silicon on reduction of the slag; reduction of calcium, bar ium, and strontium from oxides and carbonates by means of added aluminum; and final reduction of bar ium and strontium from oxides by aluminum and sili con dissolved in the steel. 
